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INTRODUCTION 
Pressure measurements a t  t h e  t e s t  s e c t i o n  w a l l s  and t h e  model sur faces i n  
t h e  Nat ional  Transonic F a c i l i t y  (NTF) a re  be ing  acqui red us ing  t h e  
E l e c t r o n i c a l y  Scanned Pressure (ESP) Measurement System ( r e f .  1). The Data 
A c q u i s i t i o n  and Con t ro l  U n i t s  (DACU) and t h e  Pressure C a l i b r a t i o n  U n i t s  (PCU) 
f o r  t h e  ESP systems a re  l o c a t e d  o u t s i d e  t h e  tunnel  w h i l e  t h e  ESP modules a re  
mainta ined a t  a constant  temperature i n  thermal enc losures mounted i n  t h e  
cryo-environment i n s i d e  t h e  tunne l  and t h e  models. Th is  reduces pressure 
response l a g  due t o  l o n g  t u b i n g  lengths.  The need t o  m a i n t a i n  t h e  ESP modules 
a t  a temperature o f  10 "C f l  O C  i s  d i c t a t e d  by t h e  pressure module 's thermal 
zero and s e n s i t i v i t y  c o e f f i c i e n t s  and t h e  adverse e f f e c t  o f  i n t e r n a l l y  
generated thermal energy on model boundary l a y e r s  ( r e f .  2 ) .  
The o p e r a t i n g  temperature range o f  t h e  ESP modules i s  0 "C t o  79 O C .  The 
thermal zero c o e f f i c i e n t  i s  0.04% F.S . /OC and t h e  thermal s e n s i t i v i t y  
c o e f f i c i e n t  i s  O.O2%/OC. These f a c t o r s  prompted t h e  development o f  t h e  
thermal enc losures c u r r e n t l y  be ing used t o  house ESP modules. 
a re  capable o f  m a i n t a i n i n g  a constant  temperature t o  w i t h i n  fl "C a t  10 "C and 
w i ths tand  t h e  l a r g e  pressures (931kPa (135 p s i a ) )  and low temperatures 
(-173 "C) associated w i t h  t h e  tunnel  o p e r a t i o n  ( r e f .  2 ) .  This  paper desc r ibes  
t h e  des ign requirements, c o n s t r u c t i o n ,  and t e s t i n g  procedures f o r  these 
encl  osures. 
The enc losures 
DESIGN REQUIREMENTS 
The thermal enc losures used a t  NTF f o r  model and tunne l  pressure 
measurements must meet c e r t a i n  requirements t o  ensure h i g h  q u a l i t y  
measurements. Temperature c o n t r o l  t o  w i t h i n  fl "C i s  e s s e n t i a l  because o f  t h e  
thermal zero and s e n s i t i v i t y  c o e f f i c i e n t s  o f  t h e  t ransducers.  Also t h e  use o f  
o n - l i n e  c a l i b r a t i o n s  t o  c o r r e c t  f o r  temperature induced e r r o r s  i s  expensive. 
A f207kPa ( f30  p s i d )  ESP module t h a t  exper iences a 1 O C  change i n  temperature 
a l s o  exper iences a 0.04% F.S. change i n  zero o u t p u t  equal t o  0.16kPa 
(0.024 p s i d )  and a 0.02% change i n  s e n s i t i v i t y  equal t o  0.04kPa (0.006 p s i )  a t  
f u l l  scale.  The o p e r a t i n g  temperature (10 "C) o f  a package i s  determined by 
i t s  e f f e c t  on t h e  boundary l a y e r  o f  t h e  model o r  w a l l  o f  t h e  tunne l .  
The enc losure heater  c o n t r o l l e r  used a t  NTF i s  a p r o p o r t i o n a l  v o l t a g e  
t y p e  which senses t h e  i n t e r n a l  temperature o f  t h e  enc losure us ing  a. Resistance 
Temperature Device (KTD) mounted i n  t h e  enclosure. The hea te r  assembly used 
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i n  t h e  models must be compat ib le  w i t h  these heater  c o n t r o l l e r s .  
temperature sensor l o c a t i o n  must be op t im ized  and t h e  thermal energy l o s s  due 
t o  t h e  t u b i n g  and w i r i n g  e x i t i n g  t h e  enc losure must be minimized t o  
e f f e c t i v e l y  m a i n t a i n  t h e  i n t e r n a l  temperature. The ESP module(s) as w e l l  as 
t h e  tub ing ,  assoc ia ted  e l e c t r o n i c s ,  w i r i n g  harness, and t h e  heater  assembly 
a r e  r e q u i r e d  t o  f i t  i n s i d e  t h e  thermal enclosure. Table 1 shows t h e  i n s i d e  
dimensions o f  thermal enclosures b u i l t  accord ing t o  these procedures. These 
dimensions p l u s  a minimum 0.635 cm (0.25 in . )  i n s u l a t i o n  w a l l  t h i ckness  
determine t h e  o v e r a l l  dimensions o f  t h e  enc losure which must f i t  i n t o  t h e  
a l l o t t e d  space i n  t h e  tunne l  o r  model. 
The enc losure m a t e r i a l  c u r r e n t l y  be ing  used i s  a c l o s e d - c e l l  foam 
manufactured i n  accordance w i t h  t h e  s p e c i f i c a t i o n s  l i s t e d  i n  t a b l e  2. 
m a t e r i a l  must be capable o f  w i t h s t a n d i n g  t h e  931kPa (135 p s i a )  tunnel  pressure 
w i t h o u t  deformat ion o f  shape o r  i nc rease  i n  thermal c o n d u c t i v i t y .  The 
enc losure must be soundly cons t ruc ted  ( s t r u c t u r a l l y  s t a b l e ,  s n u g - f i t t i n g  
p a r t s ,  and ove r lapp ing  j o i n t s )  u s i n g  a m a t e r i a l  t h a t  i s  equal t o  o r  b e t t e r  i n  
thermal c o n d u c t i v i t y ,  s t reng th ,  and performance than  t h a t  o f  t h e  foam 




Two methods o f  f a b r i c a t i o n  t h a t  have been s u c c e s s f u l l y  u t i l i z e d  a r e  t h e  
m i l l i n g  method and t h e  p iece-wise assembly method. 
accomplished by m i l l i n g  t h e  i n s i d e  and o u t s i d e  dimensions o f  t h e  enc losure 
f rom a b l o c k  o f  foam ( f i g .  1) .  
o u t  t h e  s ides  w i t h  ove r lapp ing  j o i n t s  and bonding them t o g e t h e r  w i t h  an 
adhesive (e.g., Crest  391 Urethane Rubber adhesive) t h a t  w i l l  w i ths tand  t h e  
-173 O C  t o  60 *C thermal environment. An example o f  t h i s  method i s  shown i n  
f i g u r e  2. To avo id  heat l o s s ,  t h e  use of adhesive should be minimized s ince  
i t s  accumulat ion a t  j o i n t s  w i l l  i nc rease  t h e  t o t a l  heat l o s s  o f  t h e  
enclosure. I n  a d d i t i o n ,  ca re  should be taken t o  e l i m i n a t e  l eaks  and cracks by 
f a b r i c a t i n g  s n u y - f i t t i n g  mat ing p a r t s  and by extending t h e  i n s i d e  face  of t h e  
t u b i n g  and w i r i n g  access w a l l  i n t o  t h e  enc losure c a v i t y  ( f i g .  1). 
The m i l l i n g  method i s  
The assembly method i s  accomplished by c u t t i n g  
P rov i s ions  must be made f o r  r o u t i n g  t h e  e l e c t r i c a l  and pneumatic l i n e s  
t h a t  a re  necessary f o r  t h e  o p e r a t i o n  o f  t h e  ESP module(s) out  o f  t h e  
enclosure. Table 3 shows t h e  number and s i zes  o f  e l e c t r i c a l  w i r e s  rou ted  
through t h e  enc losure w a l l  f o r  up t o  12 modules housed i n  t h e  enclosure.  One 
c a l i b r a t i o n  tube  i s  used f o r  each module pressure range i n  t h e  enclosure. The 
C 1 ,  C2, and re fe rence  tubes can be shared among a l l  modules rega rd less  o f  
t h e i r  pressure range. The tubes should pass through t h e  enc losu re  w a l l  v i a  
i n d i v i d u a l  ho les,  p rov ided  t h e  enc losure i s  l a r g e  enough.to accommodate t h e  
necessary ho les (no more than  64, 0.15 cm (0.06 i n . )  O.D. holes per  
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square i nch ) .  
brought through us ing  one l a r g e  e x i t  hole. For ease i n  i n s t a l l a t i o n ,  i t  i s  
recommended t h a t  t h e  tubes and w i res  e x i t  through t h e  w a l l  o f  t h e  enc losure 
t h a t  i s  used t o  access t h e  ESP package ( f i g .  3). 
I f  not ,  t h e  tubes and w i res  should be grouped t o g e t h e r  and 
The enc losure s i z e  i s  determined by t h e  number and t y p e  o f  modules and 
t h e  a l l o t t e d  space i n  t h e  model o r  tunnel .  
48-channel ESP module (48-SL) r e q u i r e s  an i n s i d e  dimension o f  9.52 cm l o n g  x 
6.1 cm wide x 6.35 cm h i g h  (3.75 i n .  x 2.4 i n .  x 2.5 in.) .  These dimensions 
t a k e  i n t o  account t h e  space needed f o r  t h e  hea te r  assembly, c o n t r o l  l i n e s  and 
pressure da ta  l i n e s ,  and t h e  6.35 cm (0.25 i n . )  minimum w a l l  th ickness.  
more than one module i s  used i n  an enclosure,  an e l e c t r i c a l  d i s t r i b u t i o n  board 
i s  requi red.  
and i s  p laced w i t h  t h e  modules as a p o i n t  o f  d i s t r i b u t i o n  f o r  t h e  supply 
vo l tages  t o  t h e  modules. 
6.35 cm x 0.317 cm x 2.54 cm (2.5 i n .  x 0.125 in .  x 1 in.) .  A w i r i n g  
schematic o f  t h e  d i s t r i b u t i o n  board i s  shown i n  f i g u r e  4. These minimum 
enclosure dimensions can be increased and/or t h e  corners may be rounded 
s l i g h t l y ,  as shown i n  f i g u r e  5, t o  f i t  t h e  a l l o t t e d  space w i t h i n  t h e  model as 
l o n g  as t h e  th i ckness  does n o t  decrease t o  l e s s  than 6.35 cm (0.25 i n . ) .  
F i g u r e  6 shows a thermal enc losure t h a t  was cons t ruc ted  accord ing t o  t h e  above 
procedures. 
An enc losure housing one 
If 
The d i s t r i b u t i o n  board i s  f a b r i c a t e d  on a p r i n t e d  c i r c u i t  board 
The minimum dimension o f  a d i s t r i b u t i o n  board i s  
THERMAL CONTROL 
The enc losure heater  c o n t r o l l e r  used a t  NTF i s  a c losed- loop,  
p r o p o r t i o n a l  v o l t a g e  t y p e  which measures t h e  i n t e r n a l  temperature o f  t h e  
enc losure v i a  a temperature sensor (RTD)  mounted i n  t h e  enclosure.  It 
compares t h i s  temperature sensor ou tpu t  vo l tage  t o  t h e  user  se lec ted  
temperature s e t  p o i n t  ( v o l t a g e )  and ou tpu ts  a p r o p o r t i o n a l  0-90 Vdc t o  t h e  
hea te r  assembly f o r  temperature c o n t r o l .  
commercial ly a v a i l a b l e  hea te r  elements. 
f l e x i b l e  e t c h e d - f o i l  h e a t i n g  c o i l s  laminated between two i n s u l a t i n g  l a y e r s  o f  
0.025 cm (0.01 i n . )  t h i c k  Kapton. 
( f i g .  3)  must be f a b r i c a t e d  t o  enclose t h e  ESP module package and t o  p r o v i d e  a 
su r face  t o  mount t h e  hea te r  elements. Heaters should be at tached t o  a l l  
o u t s i d e  sur faces areas. It i s  r e q u i r e d  t h a t  t h e  pressure da ta  tubes and 
c o n t r o l  tubes be heated b e f o r e  t h e y  e x i t  t h e  enclosure,  s i n c e  t h i s  i s  a major  
source o f  heat 105s. The tubes can be heated by i n te rweav ing  t h e  hea te r  
e lement(s)  between t h e  tubes o r  by f l a t t e n i n g  t h e  t u b i n g  bundle and wrapping 
t h e  bundle w i t h  t h e  heater  e lement(s)  t o  i n s u r e  t h a t  a l l  t h e  tubes a re  exposed 
t o  t h e  heat. 
c o n t a c t  w i t h  t h e  tubes (e.g., f i b e r g l a s s  tape between t h e  hea te r  and t h e  
t u b i n g )  t o  prevent  m e l t i n g  o f  t h e  pressure tubes. When a l l  of t h e  
The hea te r  assembly i s  a s e r i e s  of 
Each element c o n s i s t s  o f  t h i n ,  
A 0.08 cm (1/32 i n . )  aluminum shroud 




ng hea te r  e 
60-75 ohms. 
ements a re  w i red  toge the r ,  t h e  t o t a l  r e s i s t a n c e  s h a l l  
TESTING PROCEDURE 
The thermal package i s  t e s t e d  a t  ambient and cryogenic  temperatures t o  
determine i t s  a b i l i t y  t o  m a i n t a i n  t h e  s e t  temperature. 
i n  an environmental  chamber t h a t  i s  capable o f  o b t a i n i n g  cryogenic  
temperatures (-180 "C) and i s  then connected e l e c t r i c a l l y  and pneumat i ca l l y  t o  
t h e  Data A c q u i s i t i o n  and Contro l  U n i t  and t h e  Pressure C a l i b r a t e  Un i t .  
f o l l o w i n g  t e s t s  a r e  requ i red :  
The package i s  placed 
The 
1. Perform a l eak  check o f  c o n t r o l  pressure tubes and pressure da ta  tubes 
by a p p l y i n g  a p p r o p r i a t e  pressures t o  each tubes ( r e p a i r  o r  rep lace  
module o r  t u b i n g  i f  leak  r a t e  i s  more than 0.138kPa/min 
(0.02 p s i / m i n ) ) .  
2. Perform ESP system c a l i b r a t i o n  a t  ambient temperature. 
3. Apply known pressures t o  module(s) and a c q u i r e  pressure da ta  a t  
ambi en t  temperature. 
4. Analyze da ta  f o r  proper  operat ion.  
5. Turn on heater  c o n t r o l l e r  and s e t  temperature s e t  p o i n t  t o  10 O C .  
6. Cool chamber t o  -180 O C .  
7. Ensure enc losure thermal s t a b i l i t y  i s  mainta ined a t  10' f l  " C  be fore  
proceeding. I f  t h e  temperature i s  n o t  s tab le ,  t h e  RTD must be 
r e p o s i t i o n e d  t o  p rov ide  a s l i g h t l y  underdamped temperature response 
r e s u l t i n g  i n  an adequate hea te r  d u t y  cyc le .  A f t e r  r e p o s i t i o n i n g  t h e  
RTD, r e t u r n  t o  s tep  2.  
8. Perform ESP system c a l i b r a t i o n  a t  -180 O C .  
9. Apply known pressures t o  module(s) and acqu i re  pressure da ta  a t  
-180 OC. 
10. Warm chamber t o  ambient temperature. 
11. Perform ESP system c a l i b r a t i o n .  
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12. Evaluate a l l  d a t a  f o r  acceptable performance accord ing t o  
i n s t r u m e n t a t i o n  speci  f i c a t i o n s .  
The hea te r  c o n t r o l l e r  must be moni tored d u r i n g  t h e  cryogenic  segment o f  
t h e  t e s t .  
underdamped manner and remain steady t o  w i t h i n  f5 v o l t s .  
temperature should then  remain s t a b l e  t o  fl OC. 
The hea te r  v o l t a g e  should seek a constant  va lue  i n  a s l i g h t l y  
The enc losure 
CONCLUDING REMARKS 
Th is  paper presents  s p e c i f i c  g u i d e l i n e s  t o  design, c o n s t r u c t ,  and t e s t  
ESP thermal enc losures f o r  a p p l i c a t i o n s  a t  cryogenic  temperatures. The 
enc losures m a i n t a i n  t h e  ESP modules a t  a constant  temperature (10 O C  fl "C) t o  
min imize thermal zero and s e n s i t i v i t y  s h i f t s ,  t o  min imize t h e  frequency o f  
expensive o n - l i n e  c a l i b r a t i o n s ,  and t o  avoid adverse e f f e c t s  on tunnel  and 
model boundary l aye rs .  The enclosures a re  cons t ruc ted  o f  a r i g i d  c l o s e d - c e l l  
foam and a re  capable o f  w i t h s t a n d i n g  t h e  s tagna t ion  pressures t o  931kPa 
(135 p s i a )  w i t h o u t  r e d u c t i o n  i n  thermal i n s u l a t i o n  p r o p e r t i e s .  This  
c o n s t r u c t i o n  procedure has been used t o  c o n s t r u c t  severa l  thermal packages 
which have been s u c c e s s f u l l y  used i n  Nat ional  Transonic F a c i l i t y .  
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S p e c i f i c a t i o n  f o r  Thermal Enclosure M a t e r i a l  
LAST-A-FOAM 9515 Closed-Cell  R i g i d  Foam 
o 
o 
Dens i t y  - 224.26 kg/m3 (14 lb./cu. f t . )  
Thermal C o n d u c t i v i t y  - 0.064 w/m'k (0.44 BTU i n / h o u r / f t 2 / 0 F )  
o L i q u i d  N i t rogen  C o m p a t i b i l i t y  - M a t e r i a l  s h a l l  show no v i s i b l e  damage 
o r  d e g r a t i o n  when a room temperature m a t e r i a l  specimen i s  imnersed i n  
l i q u i d  n i t r o g e n  f o r  5 fl minutes. 
o Char Y i e l d  - The specimen weight  remaining a t  600 O C  s h a l l  be n o t  l e s s  
than 35% o f  t h e  i n i t i a l  weight o f  t h e  specimen when subjected t o  a 
temperature change of ambient t o  600 O C  a t  a r i s e  r a t e  o f  10 "C per 
minute i n  a n i t r o g e n  environment. 
o Compressive S t reng th  - The m a t e r i a l  s h a l l  have a minimum compressive 
s t r e n g t h  o f  1.79 Pa (260 p s i )  a t  t h e  p r o p o r t i o n a l  l i m i t  over t h e  f u l l  
temperature range o f  -196 O C  t o  21 O C .  
Tab1 e 2. S p e c i f i c a t i o n  f o r  Thermal Enclosure Mater i  a1 
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Number o f  24 AWG Wires 
S i x  ( 6 )  Address L ines 
One ( 1 )  Per  ESP Module 






















































Table 3. ESP S t i n g  Cable Wi r i ng  
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Th i s  paper p resents  s p e c i f i c  g u i d e l i n e s  t o  design, cons t ruc t ,  and t e s t  ESP 
thermal enc losures f o r  a p p l i c a t i o n s  a t  cryogenic  temper8tures 
m a i n t a i n  the  ESP modules a t  a cons tan t  temperature (10 C 2 1  'C) t o  min imize  
thermal zero and s e n s i t i v i t y  s h i f t s ,  t o  min imize the  frequency of expensive 
o n - l j n e  c a l i b r a t i o n s ,  and t o  avo id  adverse e f fec ts  on tunnel  and model 
boundary l a y e r s .  The enc losures a r e  cons t ruc ted  o f  a r i g i d  c losed-ce l l  foam 
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